We investigated the three-dimensional morphological differences of the articular surface of the femoral trochlea in patients with recurrent dislocation of the patella and a normal control group using three-dimensional computer models.
Recurrent dislocation of the patella generally occurs in patients who have a variety of predisposing factors 1, 2 including morphological abnormality of the femoral trochlea. 3 Arthroscopy has shown that the trochlea has an underdeveloped groove on its articular surface in patients with recurrent dislocation of the patella. 4 In a clinical setting, conventional evaluation of the morphology of three-dimensional (3D) structures such as the femoral trochlea usually require projection on to a specific plane, or the acquisition of cross-sectional images using plain radiography, CT or MRI. However, several problems have been identified in the use of these techniques. 1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] First, the bony contour takes the place of the actual articular surface because articular cartilage cannot be seen by plain radiography or CT. [13] [14] [15] Secondly, since the midpatellar axial plane is commonly chosen as the cross-sectional plane for evaluation of the trochlea, this location may differ from patient to patient where there are individual differences in the location of the patella in relation to the femur. 7, 13, 16 Finally, it is difficult to accurately reconstruct the shape of the trochlea from consecutive two dimensional (2D) images alone. 9, 13 In an attempt to compensate for these limitations, basic biomechanical studies have directly analysed the shape of the trochlea using cadavers. This has provided important basic data which are used in the design of prosthetic joints. 12, [17] [18] [19] [20] However, cadaver knees are different from patients' knees. Such limitations have been reduced by advances in computer technology. 21 For instance, raw MRI images can be converted to allow high-quality 3D visualisation of complicated structures, such as articular cartilage. This gives a new anatomical reference from which cross-sectional images can be obtained with a high level of reproducibility, thereby allowing a more accurate evaluation of the trochlea. In addition, because MRI does not require exposure to radiation, it is an appropriate investigation for healthy individuals and permits image comparison between patients and volunteers. Our aim therefore, was to quantitatively compare the morphology of the femoral trochlea, in patients with recurrent dislocation of the patella, and a normal control group using 3D computer models.
Patients and Methods
Our study included 12 patients (12 knees) with recurrent dislocation of the patella. There were ten females and two males, with a mean age of 21 years (15 to 35). All had experienced two or more dislocations and none had undergone earlier surgery to the affected knee. The apprehension sign was positive in all patients and none had retropatellar crepitus, an effusion or loss of movement. Degenerative change in the patellofemoral joint was not seen on the plain radiographs. The normal control group consisted of ten healthy volunteers (ten knees, six females, four males) with a mean age of 23.5 years (17 to 30) none of whom had knee-related symptoms (Table I) . The overall rating was performed using the Kujala score. 22 Femoral trochlear dysplasia was evaluated using the crossing sign in the lateral view. Our study comprised the following steps: acquisition of 3D MR images; the creation of 3D computer models from the MR images; and finally quantitative morphological evaluation of the femoral trochlea from the computer models. Acquisition of 3D images. On an MR image, during knee extension, the patella can usually be seen to be in contact with the proximal part of the femoral trochlea. At this point. the outline of the articular cartilage of the trochlea becomes difficult to distinguish. Using a 0.5 Tesla open MR scanner (GE Signa, SP2, Version 8.52 GE Healthcare, Milwaukee, Wisconsin), with a circular flexible surface coil, we took images at 50˚ of knee flexion in order to clearly delineate the articular cartilage of the proximal trochlea from that of the patella. To evaluate the position of the patella, we also obtained images at 0˚ of knee flexion. Each knee was positioned in the centre of the magnet bore in order to obtain high-quality images using a 3D fast spoiled gradientrecalled pulse sequence with the following parameters: TE, 8.0 ms; TR, 17.4 ms; field of view, 280 mm × 280 mm; flip angle, 15˚; matrix, 256 × 192 interpolated to 512 × 512; slice thickness, 3.2 mm interpolated to 0.8 mm; pixel size, 0.8 mm × 0.5 mm. The imaging time was approximately three minutes. Bones, cartilage and soft-tissue structures were well delineated. Creation of 3D computer models. We created 3D computer models of the femur and the patella using a customised computer system (Virtual Place-M; Medical Imaging Laboratory, Tokyo, Japan). The contours of the distal femur, including the articular cartilage, were semi-automatically extracted from 3D MRI data using intensity-threshold techniques. We then reconstructed 3D computer models using the marching cubes algorithm.
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Quantitative morphological evaluation of the femoral trochlea. Differences were found when comparing the 3D computer models of the articular surface of the trochlea in the patients as opposed to in the normal control group ( Diagrams of the shape of the femoral trochlea. Figure 3a -The deepest point (DP) of the femoral trochlea was regarded as the point on the trochlea nearest to the transepicondylar axis (TEA). The highest points of the medial facet (HM) and lateral facet (HL) were defined as the point furthest from the TEA on each facet. Figure 3b -When the deepest point of the trochlea and the highest point of the medial facet overlapped this was defined as a convex trochlea. 1). We thus established the femoral condylar planes up to the proximal edge of the articular cartilage as the virtual cross-sections, including the transepicondylar axis, in order to improve the resolution of the 3D structure of the trochlea (Fig. 2) Evaluation of the shape of the articular surface. In order to evaluate the shape of the articular surface of the trochlea, three points on the articular surface were automatically established in each femoral condylar plane. These were: the deepest point of the trochlea; the highest point of the medial facet; and the highest point of the lateral facet (Fig. 3a) . The shape of the articular surface was then evaluated in each femoral condylar plane relative to these three points. When the deepest point of the femoral trochlea and the highest point of the medial facet overlapped, we defined this as a convex trochlea (Fig. 3b) . The extent of the convexity was expressed by the angle between the highest and lowest femoral condylar plane to show convexity of its articular surface (Fig. 4a) . Evaluation of the distribution of the articular cartilage. The proximal distribution of the articular cartilage was expressed by the height of the articular cartilage (Fig. 4b) .
In order to evaluate the correlation between the height and the location of the patella, the patellar centre and its height were measured (Fig. 4c) . Mediolateral distribution of the articular cartilage was also evaluated (Fig. 4d) . Statistical analysis. This was performed using SPSS 11.5J (SPSS Japan Inc. Tokyo, Japan). The Mann-Whitney U test was used using the Pearson's correlation coefficient to analyse the results with significance being defined as p ≤ 0.05.
Results
The mean (SD) extent of the convexity of the femoral trochlea was significantly (p < 0.001) higher in the patients (24.9˚ SD 6.7˚) compared with the control group (11.9˚ SD 3.6˚) (Table  II) . While the mean lowest femoral condylar planes were not significantly different between the groups (patients 66.4˚ SD 10.7 ˚vs controls 71.4˚ SD 8.7 ˚(p = 0.283), the mean highest femoral condylar plane was significantly (p = 0.03) greater in the patients (91.3˚ SD 8.3˚) compared with the control group (83.3˚ SD 7.7˚) (Table II) . These data indicate that in the patients, a convex trochlea was twice as wide as that in the control group caused by a proximally-extended convex area.
The mean height of the articular cartilage was the same as the mean greatest height of the patellar centre and was significantly greater in the patients (p = 0.03) (Table III) . There was a statistically significant correlation between the 
Discussion
Our study has quantitatively compared the morphology of the femoral trochlea in patients with recurrent dislocation of the patella and a normal control group. This was performed using 3D computer models of the distal femur, including the articular cartilage, reconstructed from MRI data. These methods have several advantages. The presentation of a virtual 3D model on a computer screen gives a more accurate evaluation of the morphology of the articular surface. We defined the femoral condylar planes to include the transepicondylar axis, which is an anatomically and biomechanically important reference line since it is easy to incorporate into a 3D computer model. Our belief was that the femoral condylar planes could reveal more clearly the morphology of the trochlea, because of the nearly perpendicular angle of the articular surface, compared with the consecutive parallel cross-sections perpendicular to the axis of the femur used in standard CT or MRI of the femoral condyar planes. Femoral condylar plane 0 was defined as the reference plane. This was because we considered it to be more appropriate than that which included the proximal edge of the articular cartilage, since the patients may have had a different proximal distribution of articular cartilage. Overall, our observations of the 3D computer models suggested that the patients had a flat-to-convex proximal femoral trochlea, as is often seen arthroscopically, rather than a shallow femoral groove. The extent of any convexity was expressed by the angle between the proximal and distal limit femoral condylar planes which displayed a convex articular surface. This was because we found it difficult to map the entire trochlear shape by conventional parameters such as the sulcus angle or the congruence angle. In addition, drawing tangential lines on the articular surface was problematic since it was not easy to measure these angles reproducibly on any cross-sections of the proximal femoral trochlea. Our range of results was twice as wide in the patients compared with the control group because of the proximally-extended convex area (Fig. 5) . This data is supported by previous studies. Schutzer et al 4 reported that dysplasia of the femoral trochlea occurred mainly in the proximal trochlea in patients while Diagrams of the extent of convexity of the trochlea in a) a normal control subject and b) a patient with recurrent patellar dislocation. The arrows indicate the extent of the convex femoral trochlea (FCP, femoral condylar plane). Staubli et al 14 described a highly congruent, concave articular surface of the femoral trochlea in normal subjects. Our results suggest that the more widely-distributed convex area in the proximal femoral trochlea seen in the patients may contribute to patellar instability during early knee flexion by reducing the congruity of the patellofemoral joint. While previous studies have already described the characteristic morphology of the femoral trochlea in patients as either hypoplasia of the lateral femoral condyle or dysplasia of the trochlea, 2,4,5 an alternative reference line or reference plane may be described, other than the convex trochlea in our 3D computer models. However, we believe that the term 'convex femoral trochlea', is a more appropriate description of the structural characteristics of the trochlea in our patients and that this finding suggests patellar instability.
We also evaluated the proximal distribution of articular cartilage. Our results suggested that patients had a larger height of the articular cartilage than the control group indicating a more proximally-distributed surface on the trochlea (Fig.  6 ) and that the height correlated statistically with the height of the patellar centre. Previous studies have described the geometry of the articular surface of the femoral trochlea, 21, 25 but there has been no description of the distribution of the articular cartilage. Our results suggested that there may have been a differential distribution of the articular cartilage on the proximal trochlea in the patients with recurrent dislocation of the patella. Possibly, the proximally-distributed articular surface exists so that it may come into contact with the articular cartilage of high-riding patellae.
Finally, the mediolateral distribution of the articular cartilage on the trochlea was established by using the locations of the medial and lateral borders of articular cartilage in femoral condylar planes positioned at intervals of 10˚. We believe that our results adequately demonstrated the typical distribution of the articular cartilage because of the large sample size of crosssections for evaluation, albeit not in consecutive femoral condylar planes. They suggested that the lateral border of the articular cartilage had significantly smaller values in patients from femoral condylar plane 50 (p = 0.043) to femoral condylar plane 80 (p = 0.003) compared with those of the normal control group. This indicates that the articular cartilage of the trochlea in patients with recurrent dislocation of the patella was more laterally distributed than in the control group.
Our study has therefore visually and quantitatively identified the differential 3D structure of the femoral trochlea which exists between patients with recurrent dislocation of the patella and a normal control group. Recent innovations in computer technology have made this possible, thereby providing valuable additional data.
